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I. INTRODUCTION 

The PbZri_j,Ti;j;03 (PZT) solid-solution system con- 
tains several compositions that are suited to important 
technological applications in the electronic field such 
as piezoelectric transducers, pyroelectric detectors, and 
non-volatile ferroelectric memories. The main applica- 
tions of PZT have been as transducers that are fab- 
ricated using compositions closely pcelated to the Mor- 
photropic Phase Boundary (MPBp. For this reason, 
MPB has been-jwidely investigated from both experimen- 
tal techniqueso and theoretical approacheta. In this re- 
gion, PZT exhibits outstanding electromechanical prop- 
erties which have been attributed to the compositional 
fluctuations being they treated within the framework of 
a phase coexistence theorya. Following this, a detailed 
nature of physical properties for compositions close to 
MPB was not well established. 

The recent discovery of a—new monoclinic ferroelec- 
tric phase by Noheda et al.tl has shed a new light on 
the understanding of the dielectric and piezolelectric en- 
hancement for compositions in the vicinity of MPB. In 
fact, the monoclinic distortion was interpreted as either 
a condensation along one of the (110) directions ofjthe 
local displacements present in the tetragonal phase,El or 
as a condensation along one of the (100) directions of the. 
local displacements present in the rhombohedral phase.lJ 
This monoclinic phase exhibited by PZT at low temper- 
atures would be the first example of a ferroelectric mate- 
rial with p2=p2^p2^ where P^, p2, p2 ^ q.eI Hence, the 
monoclinic structure can be considered as a derivative 
form from both tetragonal and rhombohedral phases by 
representing a link between them. This model provides 
a microscopic picture where such a striking electrome- 
chanical response close to the MPB regiouEl is associated 
with the monoclinic distortion. A successful explana- 
tion for the large piezoelectricity found in PZT ceram- 
ics near the MPB was recently obtained by means of 
first- principle calculationsB. The piezoelectric coefficients 



were calculated by considering the rotation of the polar- 
ization vector in the monoclinic plane that is the unique 
characteristic of monoclinic phase when compared with 
all other ferroelectricsEl. Also, the stability of the mon- 
oclinic phase was recently described by means of phe- 
nomenological thermodynamic studies within the frame- 
work of Landau-Devonshire theorylj by considering the 
linear coupling between the polarization and the mono- 
clinic distortion /3-90°. 

In spite of all investigations of the monoclinic phase 
in PZJX-aystem, Raman studies performed on this new 
phaseH'ty were limited to only two Ti concentration. 
However, information on the phase transitions for other 
PZT compositions close to the MPB is strongly desir- 
able and appears as an interesting investigation. In this 
way, the purpose of this work is to investigate the ex- 
tension of monoclinic phase for compositions close to the 
MPB through Raman spectroscopy at low temperatures. 
A careful analysis of the data allowed us to determine 
the extension of monoclinic phase based on the phonon 
behavior at low temperatures. 



II. EXPERIMENTAL 

Samples of PbZri.^Ti^Oa (with 0.40 < a; < 0.52) were 
obtained through the solid-state reaction from 99.9 % 
pure reagent grade PbO, Zr02 and Ti02 oxides. The 
starting powders and distilled water were mixed and 
milled during 3.5 hours for powder homogenization. The 
mixture was calcined at 850 °C for 2.5 h. It was pressed 
at 400 MPa giving rise to PZT ceramics disks with 10 mm 
of diameter and 5 mm of thickness. Finally, the disks 
were sintered at temperature of 1250 °C during 4h and 
an excellent ceramics homogeneity was obtained. The 
sintering atmosphere, which consists of a covered alu- 
mina crucible, was enriched in PbO vapor using PbZrOs 
powder around the disks in order to avoid significant 
volatilization of PbO. 
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MicroRaman measurements were performed using a 
T64000 Jobin Yvon Spectrometer equipped with an 
Olympus microsocope and a N2- cooled CCD to detect 
scattered light. The spectra were excited with an Ar- 
gon ion Laser (A — 514.5 nm). The spectrometer slits 
were set to give a spectral resolution of better than 2 
cm~^. A Nikon 20x objective with focal distance 20 mm 
and numeric apperture N.A. = 0.35 was employed to fo- 
cus the laser beam on the polished sample surface. Low 
temperature measurements were performed using an Air 
Products closed-cycle refrigerator which provides tem- 
peratures ranging from 7 to 300 K. A Lakeshore controller 
was used to control the temperature with precision of or- 
der of ±0.1 K. 

We have made a systematic study of the laser-induced 
heating on the samples in order to estimate the temper- 
ature trough the Stokes/anti-Stokes ratio and improve a 
better signal/noise ratio. The samples close to the MPB 
present a strong elastic scattering which leads to a calcu- 
lation of temperature by means of the Stokes/anti-Stokes 
ratio not reliable. Then, we used a PbZro.98Tio.02O3 sam- 
ple whose spectra can be easily fitted and the tempera- 
ture estimate was reproductive. Following our observa- 
tions we used a laser power of order of 0.1 mW. 

III. RESULT AND DISCUSSION 

In Fig. 1, Raman spectra for several PZT compositions 
varying from 0.40 to 0.60 are displayed. From x — 0.40 to 
X — 0.46, the spectra remain exactly the same or change 
slightly, not only in frequency but also in relative inten- 
sity for all modes. At 7 K, it is expected a phase transi- 
tion from rhombohedral low temperature (Rlt) to rhom- 
bohedral high temperature (Rht) phase. The boundary 
between Rlt and Kht has been established by Jaffe et 
alEI for temperatures higher than 300 K. An extension of 
this pbpundary to low temperatures was made by Amim 
et alt3 forrGomposition x=0.40, and more recently by No- 
heda et sM for x=0.42. 

The Klt phase, whose space group is Cf^, is char- 
acterized by opposite rotations of adjacent oxygen octa- 
hedra along the [111] polar axis. Due to this fact, the 
unit cell of Rlt phase has a volume twice the unit cell 
of Rht whose space group is Cl^. From the diffraction 
point of view, this transition is detected through the ap- 
pearance of very weak superlattice peaks which-are orig- 
inated just from the doubling of the unit cellli3. Con- 
cerned with the vibrational properties, the dispersion re- 
lation for Rlt phase is obtained by folding the dispersion 
curves of R^^t phase. Thus, the observation of additional 
Raman modes is expected since wave vectors belonging 
to the zone boundary have after the zone folding, pseu- 
domenta equivalent to q=0. For Zr-rich PZT, this phase 
transition was observed from Raman spectroscopy by an- 
alyzing the low frequency modes located at about E2 and 
68 cm~^ which are, according to El-Harrad et alEJ, ex- 



clusive features of the Rlt and Rltt phase, respectively. 
The mode at 62 cm~^ is initially a zone boundary mode 
that becomes a zone center active mode due to the dou- 
bling of the unit cell. In the vicinity of the MPB, this 
kind of analysis is somewhat complicated due to the over- 
lapping of the bands which difficult the fitting procedure 
and the identification of phase transition. In the inter- 
mediate frequency region (120 < uj < 400 cm~^, shown 
in Fig. 1) significant changes are not expected in the 
vibrational modes since they are closely related to the 
intrinsic modes of octahedral units such as stretching, 
torsion, and bending. 

Upon increasing Ti concentration, the spectra for 0.47 
and 0.50 exhibits new features. Two of them are re- 
markable. First, the intensity of the mode located at 
about 240 cm~^ (marked with a solid arrow) in rhom- 
bohedral phase decreases entering into background for 
concentrations higher than x = 0.48. Second, the mode 
at about 280 cm^^ (marked with a dot arrow) for x=0.40 
presents a splitting resulting in a doublet mode. These 
spectral changes were interpreted as due to the rhombo- 
hedral - monoclinic phase transition. Thus, the boundary 
between Rlt and monoclinic structure is closely related 
to composition 0.46. Noheda et alli3 observed that PZT 
with x=0.46 is in a monclinic structure down to 20 K. 
Our results show that this composition is justly in the 
rhombohedral - monoclinic transition region. Since the 
boundary between Rht and monoclinic structure is al- 
most vertical, we believe that a small deviation in com- 
position accounts for the observed disagreement between 
our results and those reported in Ref.llj. 

In the first analysis, there are no clear changes in 
the Raman spectra from x=0.48 to x=0.60. However, 
the monocliniC|4etragonal phase transition is expected 
around x=0.52li3. In order to study the effects of the 
phase transition in the phonon spectra we constructed 
the frequency versus x (w vs. x) plot where the transi- 
tions can be observed in details. The frequencies were ob- 
tained by deconvoluting the spectra using a set of curves 
with lorentzian shapes. The number of peaks used to fit 
spectra were determined by means of group theory analy- 
sis that will be discussed in a forthcoming paragraph. In 
Fig. 2, we shown the deconvoluted spectrum for tetrago- 
nal PbZro.6oTio.4o03p£ollowing the procedure and assign- 
ment earlier reportedll3 where observed frequencies are in 
good agreement with those found there. 

In order to understand the tetragonal - monoclinic 
transition, let us first discuss the mode symmetry related 
to tetragonal phase in PbTiOs. When the cubic phase 
transforms into tetragonal, the T2u silent mode trans- 
forms into Bi E irreducible representation of the CUy 
and a degeneracy breaking of this mode is expectedtll. 
Besides its Raman activity in C^^ symmetry, this mode 
has been called a silent mode and its splitti|ng was not 
observed for PbTiOa at room temperaturdld. However, 
when Ti is replaced by Zr, the splitting is observed at low 
temperatures. The member of the doublet with higher 
frequency is assigned as the Bi modellj and the value 
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wbi - i^e increases in the vicinitjt of MPB. This obser- 
vation was made by Frantti et a£3 who studied this fea- 
ture from compositions x=0.49, 0.50, 0.60, 0.70, 0.80 and 

0. 90. Here, we extend this study inserting intermediate 
compositions making possible a detailed description of Bi 
mode when monoclinic - tetragonal transition take place. 
To describe the phase transition in details, we have con- 
structed, based on the group theory analysis, the to vs. 
X plot shown in Fig. 3a. The point group of monoclinic 
phase is Cs where all the irreducible representation (A' 
and A") are Raman active. The group is subgroup 
of both Csi, and C^y and the correlation between them 
and Oh can be summarized in the scheme showed in Fig. 
4. Following that scheme, we observe that Bi and E 
modes belonging to the tetragonal phase transforms into 
A" and A' ® A", respectively. Therefore, we have used 
three modes in the monoclinic phase to fit the region 
around 280 cm~^. It is interesting to note that highest 
frequency member of doublet A' © A" ntesents the same 
behavior early reported by Frantti et alllj. 

We also plotted in Fig. 3b our results and those ear- 
lier reportedliJO for several compositions in a small fre- 
quency region. In this figure we can observe that Bi 
mode decreases in frequency from x=1.0 to x=0.60 and 
increases from x=0.60 to x=0.52. Below x=0.52, it de- 
creases (increases) for Ti content from 0.52 to 0.50 (0.48 
to 0.47). The tetragonal - monoclinic phase transition 
can be observed by analyzing the splitting Alo [lobi-^jJe 
in tetragonal phase and a;^//-the highest frequency mem- 
ber of A' © A" in monoclinic phase). This splitting in 
the tetragonal phase {x > 0.52) decreases when Ti con- 
tent increases while it presents the same behavior ex- 
hibited by Bi mode in the monoclinic region (Fig. 3c). 
Both changes in Bi and in Alo indicate the transition be- 
tween monoclinic and tetragonal symmetry. Noheda et 
alllHl reported that composition x=0.52 presents a tetrag- 
onal symmetry at 20 K. Our results at 7 K indicate that 
this composition is in a monoclinic phasCj— In principle, 
our results do not differ from those of Ref.tj and we be- 
lieve that either a small deviation in x or the extension 
of monoclinic - tetragonal boundary can account for the 
minor disagreement between their and our results. For 
the sake of completeness, the frequencies of doublet mode 
depicted in Fig. 3b for several compositions are listed in 
Table 1. 

A similar analysis based on the group theory can be 
performed to describe the Kht - monoclinic phase tran- 
sition observed around x=0.46. When the cubic (O^) 
phase transforms into rhombohedral Ca^ phase, the 
silent mode transforms into A2 © E irreducible represen- 
tation being A2 without Raman activity. For this reason, 
there is a single peak at about 280 cm^^ for compositions 
with rhombohedral phase. By observing the correlation 
between the C^v and Cg depicted in Fig. 4 we can ob- 
serve the splitting of this mode into three new modes, 

1. e., A' © 2A" which are in a perfect accordance when we 
describe the transition from tetragonal side. 

Let us now try to discuss the monoclinic phase based 



on the assumptions of distortion of the unit cell by strain. 
The polar axis in the monoclinic phase has a particu- 
lar feature if it is compared with that of tetragonal and 
rhombohedral phase. In fact, it can not be determined 
only by symmetry and can be along any direction within 
the monoclinic plane. This consideration was introduced 
by first-principle calculation made by Bellaiche et alEl 
where the striking piezoelectric properties for monoclinic 
compositions were successfully obtained. To the best of 
our knowledge, there is no systematic theoretical study 
concerned with what happens with optical phonons when 
PZT transition occurs. In fact, there are only two stud- 
ies which report the calculation p£ vibrational frequency 
for PbTiOa. Freire and Katiyarll3 carried out such cal- 
culation just by adjusting the pararaeters of a rigid ion 
model while Garcia and VanderbilttJ performed it using 
the first-principle calculation. Following the results of 
these latter authors the tetragonal phase could change 
either to an orthorhombic or to a monoclinic phase by 
means of the linear coupling between strain and atomic 
displacement. 

We are reminded of this result because the tetragonal 
phase in PZT is very similar to that of in PbTiOa and the 
monoclinic - tetragonal transition is marked by changes 
in the Bi symmetry mode. This is very interesting be- 
cause this mode involves only oxygen motion [0i2-022] 
where both oxygen atoms move in opposite directions 
leading to the tetragonal symmetry-breaking. However, 
this mode appears to be dependpit of the Zr/Ti ratio 
as demonstrated by Frantti et alEJ whose part of these 
results are reproduced in Fig. 3b. When the temper- 
ature is kept constant, the variable responsible for the 
transition is the Zr/Ti ratio. It is well-known that the 
tetragonal strain, Ct/at, decreases when Zr content in- 
creases. Taking into account this fact, the unit cell can 
only be distorted by an in-plane strain. Considering that 
the strain can transform according to the irreducible rep- 
resentation of G\y space group, where the E distortion 
leads to a monoclinic symmetry and Bi and B2 to an or- 
thorhombic one with axes parallel (Bi) or rotated about 
45° (B2) with respect to the tetragonal base. In this 
way, a B2 distortion should be the transition mechanism 
since the actual monoclinic phase is just characterized 
by a rotation of 45° in tetragonal plane. Also, the mon- 
oclinic phase can be seen as a pseudo-orthorhombic one 
due to the very small monoclinic angle 90° — (3 whose ori- 
gin can be in the delicate balance between temperature- 
and concentration-induced sttain. The lattice dynamical 
study made by Garcia et aM is limited to the edge of 
the PZT phase diagram where the doubling of the unit 
cell was not considered. Finally, the observed behavior 
of optical phonons as a function of concentration seems 
to be confirmed by means of first-principle calculation 
considering the effects of Zr/Ti ratio. This can provide a 
better understanding of the phonon related phase tran- 
sition in PZT as well as other perovskite systems with 
similar MPB. 
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IV. CONCLUSIONS 

In summary, the behavior of the optical modes for 
PbZri_a;Tia;03 with x varying from x=0.40 to x=0.60 
were reported and discussed. The observed changes were 
attributed to the phase transitions. At 7 K, we were 
able to observe the transitions rhombohedral - mono- 
clinic - tetragonal. Our results are in jEccordance with 
those recently reported by Noheda et al£3 and Frantti et 
al.t3 which studied the stability of monoclinic phase us- 
ing high resolution synchrotron X-ray powder diffraction 
technique. Both transitions we have reported are studied 
in the view of group theory analysis where some optical 
phonons in the monoclinic phase were assigned. Very of 
interest is the behavior of Bi mode that has an unusual 
concentration dependence in the vicinity of tetragonal- 
monoclinic phase transition. Further studies in PZT sin- 
gle crystal with monoclinic phase will be need in order 
to assign each member of doublet A' © A". 
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FIG. 1. Raman spectra of PhZri-^iTi^Os ceramics 
recorded at 7 K. The numbers stand for Ti concentration. 



FIG. 2. Raman spectrum of PbZro.40Tio.60O3 illustrating 
the fitting procedure employed to deconvolute it in a set of 
Lorentzian curves. 



FIG. 3. a) Variation of the frequency of some Raman 
modes as a function of concentration recorded at 7 K; b) a 
small frequency region shown in a) is depicted and; c) the 
splitting Auj {lubi-oje in tetragonal phase and a;A"-the high- 
est frequency member of A' © A" in monoclinic phase. The 
dotted lines in a) and b) represent the transition region among 
rhombohedral (R), monoclinic (M), and tetragonal (T). The 
vertical dotted line in c) is only a guide for eyes. The la- 
bels stand for symmetry modes in different jshases. T 
open-circles and open-square are data from Ref.t3 and Ref. 
where all solid-circles are data from the present work. 



FIG. 4. Correlation table for some modes belonging to the 
monoclinic (Cs), tetragonal (C4„), and rhombohedral (Cs^) 
phase originated from T2u in cubic (Oh) phase. 



TABLE I. The values of each member of the doublet 
showed in Fig. 3b for various compositions of PZT recorded 
at 7 K. The frequencies are in units of cm~^. The label-Ji 
and b stands for results obtained in this work and in Ref.t3, 
respectively. 
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